The aging process and age-related diseases all involve perturbed energy adaption and impaired ability to cope with adversity. Brain-derived neurotrophic factor (BDNF) in the hypothalamus plays important role in regulation of energy balance.
stress response, and cardiovascular function (Mattson, Maudsley, & Martin, 2004) . BDNF has diverse functions in brain development and plasticity (Lu, Pang, & Woo, 2005) . It is neuroprotective in many different brain areas against dysfunctions and insults (Lindsay, 1994) . In addition, BDNF is an important component of the hypothalamic pathway that controls energy homeostasis (Xu & Xie, 2016) . We have previously demonstrated that an enriched environment (EE) improves brain function and the body's overall state of health. Our mechanistic studies lead to the characterization of a novel brain-fat axis-the hypothalamic-sympathoneural-adipocyte (HSA) axis, and the development of molecular therapy for obesity, diabetes, and cancer. The complex stimuli (physical, social, and cognitive) provided by EE induce hypothalamic BDNF and elevate sympathetic tone to the adipose tissue. Increased sympathetic tone remodels the adipose tissue, inducing browning of white fat and suppression of leptin, leading to an anti-obesity and anticancer phenotype (Cao & During, 2012; Cao et al., 2011 Cao et al., , 2009 Cao et al., , 2010 .
Furthermore, hypothalamic BDNF modulates secondary lymphoid tissues (spleen and lymph nodes) and enhances CD8 T cell immunity, contributing to the anticancer effects of EE (Xiao et al., 2016) . A reduction in BDNF signaling has been documented during normal aging and decreased BDNF levels are associated with vulnerable neuronal populations in several neurodegenerative disorders including Alzheimer's, Parkinson's and Huntington's diseases, demonstrating the need for further therapeutic research on components of the BDNF signaling pathway (Tapia-Arancibia, Aliaga, Silhol, & Arancibia, 2008) . Some physiologic or pathologic age-related changes in the CNS could be offset by the administration of exogenous BDNF and/or by stimulation of its receptor expression (Tapia-Arancibia et al., 2008) . In addition, BDNF signaling in the brain is thought to mediate at least some of the anti-aging effects of an intermittent fasting regiment (Duan et al., 2003; Lee, Duan, & Mattson, 2002) although data on the hypothalamus are not reported. Moreover, it is unclear how BDNF signaling in neurons is transferred to the periphery to improve the healthspan of many different organ systems. Our characterization of the HSA axis and the critical role of BDNF in this brain-fat axis suggest a mechanism whereby hypothalamic BDNF, highly responsive to environmental stimuli, controls the HSA axis activity and thereby influences body composition, metabolism, immune function, and cancer via its preferential regulation of the phenotype and functions of adipose tissue. Here we investigated the long-term effects of hypothalamic gene transfer of BDNF in middle-aged mice using an autoregulatory rAAV vector. The single rAAV vector harbors two cassettes, one expresses human BDNF driven by a constitutive promoter, the other expresses a microRNA targeting BDNF under the control of agouti-related peptide (AGRP) promoter that is activated by weight loss and fat depletion. This dual-cassette vector mimics the body's natural feedback system to achieve autoregulation of the transgene and its efficacy has been examined in genetic models of obesity and diabetes such as db/db mice (Cao et al., 2009 ) and melanocortin-4 receptor (MC4R) deficient mice (Siu et al., 2017) .
| RESULTS

| Short-term hypothalamic gene transfer of autoregulatory BDNF vector
To test the efficacy of hypothalamic BDNF gene transfer in middleaged mice, we performed a short-term study. The autoregulatory dual-cassette construct expressing the human BDNF (autoBDNF) or destabilized yellow fluorescent protein (YFP) control were packaged into serotype 1 AAV capsids (Cao et al., 2009;  Figure 1a ). Tenmonth-old female C57BL/6 mice were randomized into the two treatment groups, to receive bilateral hypothalamic injections of either AAV-autoBDNF or AAV-YFP into the arcuate (ARC)/ventralmedial (VMH) nuclei of the hypothalamus (Figure 1f ). BDNF-treated mice showed lower body weight compared to YFP mice (Figure 1b) .
A glucose tolerance test was performed 57 days post-AAV injection and BDNF-treated mice displayed improved glycemic control (Figure 1c, d) . Mice were sacrificed 63 days post-AAV injection and the intrascapular brown adipose tissue (BAT) and various white adipose tissue (WAT) including inguinal (iWAT), gonadal (gWAT), and retroperitoneal (rWAT) depots were dissected. BDNF treatment reduced adiposity with intra-abdominal fat depots displaying the most reduction (Figure 1e ). Profiling of serum biomarkers at the sacrifice showed a significantly higher adiponectin level and a strong trend toward lower leptin in BDNF mice (Figure 1f ). YFP fluorescence confirmed that transgene expression was mainly in ARC/VMH nuclei ( Figure 1g ). The BDNF protein levels in the hypothalamus block dissections were measured using ELISA. The autoBDNF mice showed eightfold higher hypothalamic BDNF level than YFP mice ( Figure 1h ).
| Systemic metabolic effects of long-term hypothalamic gene transfer of BDNF
Next, we conducted a long-term study to assess the effects of hypothalamic BDNF overexpression on normal aging and more comprehensively characterize the metabolic and behavioral implications (Figure 2a ). Twelve-month-old female C57BL/6 mice were randomized to receive AAV-autoBDNF or YFP and monitored for 7 months.
YFP-treated mice gradually gained weight. In contrast, BDNF treatment completely prevented aging-related weight gain (Figure 2b ).
Moreover, autoBDNF-treated mice maintained stable body weight throughout the 7-month duration of the study (Figure 2b ). Food intake was monitored between week 3 and 10 postsurgery. The absolute food intake of BDNF-treated mice was lower than YFP mice while the relative consumption calibrated to body weight was not different (Figure 2c ). Rectal temperature measured at 12-weeks post injection revealed no significant differences between the two groups ( Figure 2d Area under the curve (AUC) of (f). (f) Glucose tolerance test at 13 weeks post injection. n = 8-9 for YFP, n = 9-10 for autoBDNF (b) to (f). (g) CLAMS assessment at 20 weeks post injection. Oxygen consumption, respiratory exchange ratio (RER), and physical activity in a 24-hr period; Shaded area, dark phase. n = 6 per group. Error bars represent mean ± SEM. *p < 0.05. **p < 0.01 was significantly increased in both dark and light phases compared to YFP mice (Figure 2g ). The respiratory exchange ratio (RER) was slightly increased in the BDNF group during the dark phase but was not statistically significant. (Figure 2g) . Surprisingly, physical activity was significantly decreased in BDNF-treated mice (Figure 2g ). Food intake was not different during this period in the metabolic chambers (data not shown). The higher oxygen consumption concurrent with lower physical activity indicated that BDNF treatment elevated the resting metabolic rate.
| Behavioral assessments of long-term BDNF gene transfer
In addition to assessing metabolic efficacy, we were interested in the long-term safety of this approach in aged mice on normal diet.
Thus, we performed various assays to screen for changes in anxietyor depression-like behavior from 15-17 weeks post-AAV injection. In an anxiety behavior test, cold-induced defecation (CID; Barone et al., 2008) , BDNF mice showed significant reduction in fecal boli compared to YFP mice ( Figure 3a ). The novelty-suppressed feeding (NSF) test assesses hyponeophagia, in which exposure to a novel environment suppresses feeding behavior (Samuels & Hen, 2011) . NSF has been used to study anxiety-and depression-related behaviors because it is sensitive to anxiolytic and chronic antidepressant treatments. BDNF treatment shortened the latency to feed (Figure 3b ).
Two assays for depression were used, the tail suspension ( 
| BDNF treatment promotes a lean phenotype
Mice were sacrificed 194 days post-AAV injection. Significant reductions in absolute mass were observed across all fat depots in the BDNF-treated mice. BDNF treatment decreased adiposity: fat mass, relative to body weight, by 68% for iWAT, 79% for rWAT and gWAT ( Figure 4a ). Although the absolute weight of liver was lower 
| Adipose remodeling
Aging is associated with a decline in BAT activity (Enerback, 2010) .
The BATs of 19 months old YFP mice appeared pale whereas the BAT in BDNF mice was darker. H&E staining revealed the BAT of BDNF mice maintained typical BAT morphology of younger mice and was devoid of white adipocyte infiltration often associated with aging ( Figure 5a ). The morphological changes of BAT were associated with robust regulation of BAT gene expression (Figure 5b ). Leptin expression was reduced by over 90% while adiponectin expression was upregulated. Insulin receptor expression was also significantly upregulated whereas glucose transporter type 4 (Glut4), the major type of glucose transporter in adipose tissue, was not different between the two groups ( Figure 5b ). Both the lipolytic gene Hsl (encoding hormone-sensitive lipase) and the lipogenic gene Srebp1c (encoding sterol regulatory element-binding protein 1c)
were upregulated in BDNF mice. BAT dissipates energy via releasing chemical energy from mitochondria in the form of heat. This process is primarily mediated by uncoupling protein-1 (UCP1) that is a specific BAT marker (Enerback et al., 1997) . UCP1 was significantly upregulated by BDNF treatment suggesting the preservation of proper BAT functions against aging-related loss (Figure 5a ,b, Supporting Information Figure S1 ). The transcriptional coactivator peroxisome proliferator-activated receptor γ coactivator 1-α (PGC-1α) switches cells from energy storage to energy expenditure by inducing mitochondrial biogenesis and genes involved in thermogenesis (Puigserver et al., 1998) . Ppargc1a (encoding PGC-1α) was increased Figure S2 ).
| BDNF treatment inhibits liver steatosis
Aging is associated with hepatic steatosis ( Cai and colleagues propose a conceptual model in which hypothalamic microinflammation is a common basis of metabolic syndrome and aging (Tang, Purkayastha, & Cai, 2015) . The hypothalamus orchestrates actions of neural pathways and neuroendocrine hormones that regulate energy balance and nutrient homeostasis.
Chronic overnutrition induces inflammation-like changes in the hypothalamus mediated by low-degree activation of proinflammatory NFκB and its upstream IKKβ (Kleinridders et al., 2009; Purkayastha, Zhang, & Cai, 2011; Thaler et al., 2012; Zhang et al., 2008) . The atypical neural inflammatory changes interrupt the central regulation of energy balance, glucose homeostasis and promote the core features of metabolic syndromes. Notably, low-grade inflammation is also a hallmark of aging, and systemic inflammation is negatively correlated with human longevity (Harris et al., 1999; Khabour & Barnawi, 2010) .
Recent studies have demonstrated that hypothalamic microinflammation promotes systemic aging Zhang et al., 2013) .
Thus, NFκB-dependent hypothalamic microinflammation is proposed to represent a shared means through which conditions of dietary excess and aging can mediate the consequent development of metabolic and aging-related diseases (Tang et al., 2015) . Our previous data in DIO mice and the new finding of this study in aged mice of normal weight demonstrate the suppression of NFκB pathway genes by hypothalamic BDNF treatment. Whether this effect contributes to the systemic metabolic modulations requires further investigation.
Furthermore, the collective downregulation of the inflammation-modulatory genes was observed specifically in the hypothalamus but not in the amygdala or hippocampus of the same mouse, suggesting the suppression is likely downstream of BDNF signaling instead of feedback from systemic metabolic improvement. AAV1 vector predominantly transduces neurons (Wang, Wang, Clark, & Sferra, 2003) and therefore BDNF was primarily overexpressed in neurons in this study. However, the current study is unable to distinguish between the autocrine and paracrine effects of BDNF since BDNF can be secreted from transduced neurons. We are currently using AAV1 to deliver a dominant-negative TrkB receptor (Cao et al., 2011) production (Meek et al., 2013) . Future studies will elucidate whether a hypothalamic BDNF-liver axis directly modulates liver glucose and lipid metabolism and thereby contributes to glycemic control in aged animals.
With respect to the effects on behavior, most studies associate a reduction in BDNF with cognitive deficits. Postnatal knockout of Bdnf leads to increased anxiety along with obesity (Rios et al., 2001 ), while forebrain-specific deletion results in impaired spatial learning and certain discrimination tasks (Gorski, Balogh, Wehner, & Jones, 2003) . Moreover, low serum levels of BDNF are correlated with depression in human patients (Karege et al., 2005; Shimizu et al., 2003) . However, scarce evidence is available regarding the role of hypothalamic BDNF in emotionality. To our knowledge, this study is the first assessing hypothalamic BDNF-induced behavioral adaptations in aging. We examined a battery of anxiety and depression behavior tests and showed that hypothalamic BDNF treatment significantly reduced anxiety-and depression-like behaviors. Transgene was expressed mainly in the ARC and VMH nuclei of the hypothalamus in this study, which might increase the BDNF protein level in the adjacent dorsomedial hypothalamus (DMH). The DMH is a brain area not only involved in physiological functions such as metabolism and environmental threats but is also critically involved in behavioral regulation, particularly fear, anxiety, and panic-like disorders (Shekhar, Sims, & Bowsher, 1993; Silva et al., 2014) . Recently, it was reported that loss of corticotropin-releasing hormone (Crh) in the paraventricular hypothalamus (PVH) results in reduced anxiety behaviors (Zhang et al., 2016) . Future research is required to elucidate the role of BDNF in these specific hypothalamic nuclei regarding anxiety. Alternatively, we have reported that hypothalamic BDNF modulates the hypothalamic-pituitary-adrenal (HPA) axis partially mediating the EE's regulation of T cell immunity (Xiao et al., 2016) . 
| rAAV vector constructs
The recombinant AAV ( 
| Stereotaxic surgery
The 10 
| Food intake and body weight
| Body temperature
Rectal temperature was measured at 2 p.m. for all mice after 5 min of sedation with 2.5% isoflurane. The Physitemp BAT −12 rectal thermometer (Clifton, NJ) remained in place for 30 s to allow temperature to stabilize before being recorded. Mice were then returned to their home cages to recover.
| Glucose tolerance test
Glucose tolerance test was performed after an overnight fast. Mice 
| Serum harvest and analysis
Truncal blood was collected at 10 a.m. following decapitation at sacrifice. Serum was allowed to clot on ice for at least 30 min before 
| Liver histology
Liver was dissected at sacrifice, snap frozen on dry ice, and stored at 
| Perfusion
At 63 days post-AAV injection, mice were intracardially perfused with 4% paraformaldehyde (PFA, Sigma, St. Louis, MO) in PBS, and fixed brains were incubated in 4% PFA on a rocker overnight at 4°C.
The next day, brains were rinsed in PBS three times before being submerged in 30% sucrose in PBS and 0.03% sodium azide for at least 3 days on a rocker at 4°C. Brain tissues were then embedded in O.C.T. (Sakura Finetek, Torrance, CA) before being sectioned into 30 µm slices on a Leica cryostat. Fluorescence microscopy was performed on a Zeiss microscope (Thornwood, NY), and images were captured with Zen Pro software.
| Isolation of adipocytes
Based on previously described methods (Sackmann-Sala, Berryman, Munn, Lubbers, & Kopchick, 2012), adipose tissues were dissected and transferred to 12 well culture plate containing Krebs-Ringer HEPES buffer (5 mM D-glucose, 2% BSA, 135 mM NaCl, 2.2 mM CaCl2, 1.25 mM MgSO4, 0.45 mM KH2PO4, 2.17 mM Na2HPO4, and 10 mM HEPES (pH 7.4)), then minced to a fine consistency. Collagenase II (Sigma) at 1.2 mg/ml was added and the fat pads mixture was incubated at 37°C with shaking at 150 rpm up to 30 min. The mixture was spun at 800 rpm for 5 min after passing through strainer (100 µm mesh size). The mature adipocytes floating at the top were collected and washed with above-mentioned buffer twice. The adipocytes were stored at −80°C until further analysis.
| Quantitative RT-PCR
Hypothalamus, amygdala, and hippocampus were block dissected from mouse brains at sacrifice. Tissue was sonicated, and RNA was isolated using the Qiagen RNeasy Mini kit with RNase-free DNase treatment (Germantown, MD). Next, cDNA was reverse transcribed using TaqMan 
| BDNF ELISA
Hypothalamic block dissections were homogenized in ice-cold Pierce RIPA buffer containing Calbiochem protease inhibitor cocktail III (San Diego, CA). The homogenates were centrifuged and the protein content was measured using BCA kit (Pierce Biotechnology, Rockford, IL). BDNF protein levels were measured using R&D DuoSet ELISA Development Systems (Minneapolis, MN).
| Statistical analysis
Data are expressed as mean ± SEM. We used Prism Mac version 
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